ABSTRACT Irreversible ischemic injury occurs after coronary artery occlusion in vivo, first in the subendocardium and progressing toward the subepicardium over time. presumably due to transmural variations in collateral flow or wall tension. In this study, 10 left ventricular globally ischemic slabs were created that were free of wall tension and collateral flow. The onset and completion of ischemic contracture were identified by means of a new tissue compressibility gauge designed for these studies. Transmural samples were obtained at 15 min intervals for determination of high-energy nucleotide levels and for ultrastructural analysis. The results show that there is a statistically significant gradient of ATP depletion, with the subendocardium consistently showing accelerated energy utilization compared with the subepicardium (p < .05). Ultrastructural evidence of irreversible injury first appeared in the subendocardium at the onset of ischemic contracture and occurred when ATP levels declined to less than 1 ,umol/g wet weight. In summary, these data show that during total ischemia in vitro, cell death begins in the subendocardium at the onset of ischemic contracture and progresses toward the subepicardium over time. These changes occurred independent of variations in collateral flow or wall tension. The results suggest that the increased risk of the subendocardium to ischemic injury previously noted in vivo may occur not only because of variations in collateral flow and wall tension, but may also be secondary to an increased metabolic rate of the subendocardium resulting in faster ATP use during the period of ischemia. Circulation 68, No. 1, 190-202, 1983. GLOBAL myocardial ischemia, either in vivo or in vitro, eventually leads to the development of ischemic contracture or cardiac rigor mortis. There is significant evidence suggesting that the development of rigor or ischemic contracture is closely associated both with the severe depletion of high-energy phosphate compounds and the onset of cell death. 
GLOBAL myocardial ischemia, either in vivo or in vitro, eventually leads to the development of ischemic contracture or cardiac rigor mortis. There is significant evidence suggesting that the development of rigor or ischemic contracture is closely associated both with the severe depletion of high-energy phosphate compounds and the onset of cell death.1 Therefore the detection of ischemic contracture may represent an online experimental method to identify when myocardial cells pass from a state of reversible to irreversible ischemic injury. A variety of measuring devices have been used to detect the onset of ischemic contracture. A model system with an intracavitary left ventricular balloon has been most commonly used, which is a LABORATORY INVESTIGATION-MYOCARDIAL METABOLISM the onset of cell death, the exact sequence of events explaining the onset and completion of ischemic contracture have not been well defined. Until now it was unclear whether cell death during global ischemia occurred simultaneously and uniformly or whether there was a transmural progression of cell death from the subendocardium to the subepicardium.
It is well established that irreversible ischemic injury occurs after experimental coronary artery occlusion in vivo, first in the subendocardium and extending toward the subepicardium over time. 5 Presumably, the progression of this injury is primarily related to the transmural distribution of coronary collateral flow in vivo and perhaps secondarily to variations in transmural wall tension.51-0 Studies by Dunn and Griggs10, 11 and Allison et al.12 suggest that during in vivo ischemia, there may be a transmural gradient of metabolic rate, with the greatest energy use occurring in the subendocardium. However, these metabolic gradients observed in vivo were attributed to variations in wall tension or to collateral flow.s012
The present studies were designed to determine whether or not there is a transmural progression of metabolic and ultrastructural changes that occur during total ischemia in vitro. In such a model system, collateral flow is no longer a variable, since the entire heart is suddenly rendered completely ischemic. Of critical importance in the experimental methods required to further investigate this question was the development of a new means to accurately identify when ischemic contracture occurs. Previous detection devices, including the left ventricular intracavitary balloon and ultrasonic crystals, have required an intact heart. These experimental models do not allow free access to the myocardium for transmural tissue sampling at various time intervals because sampling interferes with the monitoring process. The myocardial probe and linear force transducer described by Gavin et al.2 requires that the heart be positioned on firm support to make serial determinations of tissue stiffness over time. Therefore, for the present studies a new tissue compressibility gauge was designed to accurately determine the onset of ischemic contracture in free wall slabs of left ventricular myocardium. Such a compressibility gauge can be used in vitro with a slab of left ventricular myocardium, while an adjacent slab of left ventricular myocardium from the same heart can be sampled at various intervals for determination of highenergy phosphate levels and for ultrastructural analysis. Comparative studies with the tissue compressibility gauge have shown that this device is capable of identifying an increase in stiffness of left ventricular myocardium, which correlates directly with the pressure rise noted in an intracavitary left ventricular balloon placed in intact hearts. The advantage of this model system is that it allows myocardium to be sampled transmurally at multiple intervals during total ischemia and that the tissue studied is under no wall tension and receives no collateral blood flow.
Materials and methods
Ten dogs anesthetized with pentobarbital and weighing between 18 and 22 kg were intubated and ventilated for 30 min before a left thorocotomy and rapid excision of the heart. The right ventricle, base, and apex were removed and the left ventricle was opened along the epicardial course of the left anterior descending coronary artery, creating a large, left ventricular slab. The slab was then divided into two equal halves ( figure 1) footplates and is positioned in such a way that at baseline, the upper tootplate is just touching the endocardial surface. Once the slab is positioned in the compressibility gauge, the entire apparatus is encased in a plastic bag and subnierged in a controlled temperature water bath to maintain transmural myocardial temperature at 37°C. Also shown are thermistor leads monitoring subendocardial, midmyocardial, and subepicardial temperatures.
ultrastructural analysis. Each portion of the left ventricular slab was instrumented with thermistors to carefully control temperature. Both the "sample slab" and the gauge slab were encased in plastic bags and submerged in a 38.5°C water bath to maintain transmural myocardial temperature constant at 37°C. Determination of ischemic contracture. Unlike previous compressibility devices described in the literature, our gauge applies a force of 30 mm Hg over a 0.2 sec interval to intermittently compress the myocardium at control and at 10 min intervals until 40 min and then at I min intervals until rigor begins and ends as identified by the gauge (figure 2). The constant force of compression is created by using a solenoid to pull a magnet from a fixed metal plate, which applies the "all or none" intermittent squeezing force to the footplates. The force of compression occurs until the magnet is pulled from the fixed metal plate. The force of compression is therefore independent of the distance traveled by the compressing footplates, which is detected by a potcntiometer connected to the fulcrum of the device (figure 2). Before these experiments, the sensitivity of the compressibility gauge was compared with the time course of rigor as detected by an intracavitary left ventricular balloon system in 10 separate intact hearts also incubated at 37°C.
Determination of high-energy phosphate levels. er, rigor completion as detected by the gauge occurred at 73.6 + 3.1 min compared with 94.8 + 3.3 min as detected by the intracavitary balloon. These data demonstrate that both models are capable of reliably identifying the onset of ischemic contracture. The tissue compressibility gauge, however, loses the capacity to further quantify the increased stiffness of the myocardium at a time most consistent with midrigor by the balloon model system (figure 4). It does not appear that the intermittent gentle squeezing of the slab by the compressibility gauge hastens rigor initiation, since the onset of rigor identified by the gauge occurs at the same point in time during total ischemia as rigor onset identified by the intracavitary balloon model system (table 1) . In fact, the force of compression by the gauge is so gentle that once rigor begins and myocardial compliance decreases, the gentle force of compression can no longer quantitate the progression of the process over time. Thus, in this study the myocardium was sampled 15 min after the gauge lost its ability to compress the myocardium so that samples more representative of true rigor completion could be obtained. Subendocardial, midmyocardial, and subepicardial highenergy phosphate compounds during total ischemia. As shown in tables 2 and 3, there was a progressive decline in ATP and total adenine nucleotide levels (ATP + ADP + AMP) over time in all 10 hearts. At control (3 to 5 min after removal of the heart) there was no significant difference between the content of high-energy phosphate compounds in the subendocardium, midmyocardium, and subepicardium. However, from 15 min and after, there was a definite gradient of highenergy phosphate depletion, with the subendocardium consistently showing faster depletion than the midmyocardium and the subepicardium. This subendocardial-to-subepicardial gradient became statistically significant beginning at 30 min and remained significantly different through rigor initiation (p < .05). Furthermore, the midmyocardium showed depletion rates faster than that observed in the subepicardium. Initiation of ischemic contracture occurred when subendocardial ATP levels approached 1.0 ,mol/g wet weight and the process continued until the midmyocardial and subepicardial levels also decreased to 1.0 /mol/g wet weight.
As noted in previous studies with an intracavitary balloon model system, there is variation among hearts in the time of rigor initiation during total ischemia. In the present study, rigor initiation occurred between 48 and 82 min, with a mean for the entire group of 64.8 ± 3.2 min. Tables 4A and 4B compare hearts that developed ischemic contracture early (48 to 65 min, mean 57.5 + 2.4 min) with those that developed ischemic contracture later during the period of global ischemia (66 to 82 min, mean 74 ± 3.9). Interestingly, hearts that developed contracture earlier had slightly higher (but not significantly so) initial ATP levels than hearts that developed rigor later. However, at each period studied, the "early group" had lower levels of ATP 6 ). Fifteen, 30, and 45 min of global ischemia resulted in progressively more apparent changes characteristic of reversible ischemic injury, including glycogen depletion, mitochondrial swelling, and slight margination of nuclear chromatin (figure 7). These changes at each interval were more apparent in the subendocardium than in the midmyocardium or subepicardium. The myofibrils in all areas remained relaxed. Previous work has established that all of these ultrastructural changes are signs of reversible ischemic injury.
At the initiation of ischemic contracture, striking morphologic changes were consistently identified in the subendocardium. These changes consisted of the appearance of mitochondrial amorphous matrix densities, contracted myofibrils, severe glycogen depletion, and marked margination of nuclear chromatin (figure 8). These changes were not seen at rigor onset in the midmyocardium and subepicardium. At the midpoint of ischemic contracture there was a definite progression of these changes into the midmyocardium (figure 9), and by the time of rigor completion they were consistently identified in the subepicardium (figure 10).
Since amorphous mitochondrial matrix densities are reliable ultrastructural indicators of irreversible ischemic cell injury,13 these results are strong morphologic evidence that cell death during total ischemia in vitro begins first in the subendocardium and progresses toward the subepicardium over time. Furthermore, these results confirm that the initiation of ischemic contracture is an on-line indicator of the onset of irreversible ischemic injury in the totally ischemic dog heart.
In addition to the appearance of amorphous mitochondrial matrix densities, actual breaks in the cell membrane were detected in all three layers by the time of rigor completion (figure 11). These defects were less apparent and more difficult to demonstrate than the gradient of amorphous mitochondrial matrix densities, but most likely represent another ultrastructural sign of irreversible injury in this model system.
Discussion
This study presents morphologic evidence that cell death begins in the subendocardium at the onset of ischemic contracture and progressed over time toward the subepicardium until ischemic contracture is completed. The progressive rise in pressure detected by an intracavitary balloon and the progressive stiffness noted by our Whether initiated by high calcium or low ATP levels, the end result would involve severe ATP depletion, the development of permanent rigor complexes, and a stiff inelastic heart. It should be noted in the present model system that the only calcium available to raise the sarcoplasmic calcium concentration is that within the cell plus any ionic calcium trapped in the extracellular fluid of the excised heart. The possible role that calcium availability might contribute to the onset and severity of ischemic contracture has been studied in the anoxic perfused whole heart and septum. 8 20 In these studies, calcium contributed to the degree of tension produced by contracture, but contracture occurred regardless of the calcium level of the perfusate. Thus these data are consistent with the present finding that ATP depletion may well be the primary event in the initiation of ischemic contracture.
Is the subendocardium intrinsically different myocardium? In this study there was a gradient of highenergy phosphate compound depletion and ultrastructural changes from the subendocardium to the subepicardium over time. Severe ATP depletion and ultrastructural evidence of irreversible injury first occurred in the subendocardium, indicating that the onset of ischemic contracture and cell death during total isch-FIGURE 7. Myocardium after 15. 30 . and 45 min of global ischemia. After 15 min of global ischemia (A), mitochondria showed evidence for mild swelling and there was slight depletion of glycogen and minimal margination of nuclear chromatin. These changes became more apparent at 30 min (B) and at 45 min (C). However, all of these ultrastructural signs are consistent with reversible ischemic injury. All of the myofibrils remain relaxed and there is no evidence of irreversible injury. ( Original magnification x 17,000.) FIGURE 8. At the initiation of ischemic contracture there were striking ultrastructural changes consistently identified in the subendocardium (A), indicating the onset of irreversible injury. As shown by the single arrows, amorphous mitochondrial matrix densities were easily identified in markedly swollen mitochondria. Also noted in the subendocardium at rigor initiation are myofibrils beginning to contract (double arrows). The midmyocardium (B) occasionally showed mitochondria containing amorphous mitochondrial densities, but the striking changes seen in the subendocardium at rigor initiation were not present. The subepicardium (C) at rigor onset showed myofibrils still relaxed, and only rarely were mitochondria seen containing amorphous mitochondrial matrix densities. In all slabs studied, this gradient of ultrastructural evidence for irreversible injury was present at rigor onset. The subendocardium always showed evidence for irreversible injury before the midmyocardium and subepicardium. (Original magnification x 17,000.) emia begins in the subendocardium independent of collateral flow or wall tension in this model system. These data show that the subendocardium uses highenergy phosphate compounds at a faster rate than the midmyocardium and subepicardium and is therefore at increased risk for ischemc injury.
Two possibilities may explain the faster depletion of high-energy phosphate compounds observed in the subendocardium. The first possibility is that the subendocardium is intrinsically different myocardium from a metabolic standpoint. The enzymatic constitution of the inner layer may differ from that of the outer layers in such a way that accelerated ATP production and use occurs in the inner zone. Previous studies have established that there is a transmural gradient of glycogen and phosphorylase, with the subendocardium containing more than the midmyocardium and subepicardium.21 2 [00"v 0 rAX FIGURE 11. Membrane defects. By the time of rigor completion, actual breaks in the cell membrane could be detected in all three layers of the myocardium. However, these defects were less apparent and more difficult to demonstrate than the gradient of amorphous mitochondrial matrix densities. The arrows indicate actual breaks in the basement membrane of the sarcolemma. The breaks in the basement membrane occurred before structural defects in the glycocalyx appeared. Since these membrane defects could be identified only in cells also showing amorphous mitochondrial matrix densities, these defects most likely represent another ultrastructural sign of irreversible injury in this model system. (Original magnification x 28,000.) transmural metabolic gradient. 1012 21 These previous studies, however, attributed this in vivo gradient to variations in wall tension or collateral flow.
Implications. Our results establish a close relationship between cell death, critical high-energy phosphate compound depletion, and the onset and completion of the process of ischemic contracture. Furthermore, it appears likely that cell death begins first in the subendocardium and progresses toward the subepicardium over time during total ischemia independent of variations in collateral flow or wall tension. These results suggest that the increased risk of the subendocardium to ischemic injury previously noted in vivo may occur not only because of transmural variations in collateral flow and wall tension but may also be secondary to an increased metabolic rate of the subendocardium resulting in faster ATP use during the period of ischemia. Whether or not the increased metabolic rate of the subendocardium is secondary to continued electrical stimulation from adjacent Purkinje cells or represents an intrinsic metabolic difference in the subendocardium remains to be established.
